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High  energetic  milling  of  the  corresponding  oxides  and  carbonates  mixture  was  employed  to  obtain 
highly  dense  ceramics  with  Ceo.8oSm0.2o-xCaxOi.9  (x  =  0, 0.02)  compositions  at  low  sintering  temperature. 
After  17  h  of  milling,  the  samarium  and  calcium  have  entered  in  the  ceria  fluorite-type  structure,  indi¬ 
cating  that  the  mechanosynthesis  of  the  material  has  occurred.  Densities  in  the  order  of  97-98%  were 
obtained  at  temperatures  as  low  as  1250-1300  °C  in  a  single  thermal  treatment.  Besides,  the  addition 
of  Ca  is  shown  as  a  clear  aid  to  sinter  high-density  ceramics  with  improved  grain  size  for  the  increase 
of  the  ionic  conductivity.  The  high  homogeneity  of  the  mixture  allows  Ca  not  only  to  partially  incorpo¬ 
rate  to  the  structure,  but  also  to  react  to  the  glassy  siliceous  phase  located  at  the  grain  boundary.  This 
effective  cleaning  process,  together  with  the  additional  grain  growth  promoted  by  Ca  doping,  increases 
the  grain  boundary  conductivity,  and  thus,  the  total  conductivity  of  the  ceramics.  The  influence  of  the 
microstructure  on  the  electrical  properties  of  the  ceramics  is  discussed. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  Oxide  Fuel  Cells  (SOFC)  are  electrochemical  devices  that 
directly  convert  chemical  energy  into  electrical  energy  and,  on 
contrary  to  batteries,  they  work  continuously  consuming  a  fuel 
(generally  hydrogen)  of  some  sort  [1].  In  these  devices,  the  elec¬ 
trolyte  is  constituted  by  a  polycrystalline  oxide  material  with  high 
oxygen  conductivity  that  determines  the  efficiency  of  the  cell.  A 
common  electrolyte  material  is  the  so-called  yttrium  stabilized 
zirconia  (YSZ),  which  is  a  composition  of  Zr02  optimized  by  dop¬ 
ing  with  8mol%  Y2O3.  However,  this  material  has  a  limit  in  its 
performance  because  it  works  well  only  at  temperatures  in  the 
order  of  900-1 000  °C  due  to  its  relatively  low  ionic  conductivity 
(<0.1  Son-1)  [2].  To  reduce  the  working  conditions  to  intermedi¬ 
ate  temperatures  (500-900  °C),  alternative  materials  are  currently 
tested,  such  as  Ce02  doped  with  alkaline-earth  or  mainly  with  rare 
earth  oxides  [3,4].  The  doping  cations  as  Ca2+,  Gd3+  or  Sm3+  are 
incorporated  in  the  ceria  structure  and,  due  to  the  difference  in 
the  valence  state  among  these  cations  with  Ce4+,  oxygen  vacancies 
are  created,  increasing  the  ionic  conductivity  of  the  materials.  It 
has  been  shown  that  the  substitution  of  cerium  by  calcium  (among 
the  alkaline-earth  elements)  and  samarium  (among  the  rare-earth) 
produces  the  best  results  among  the  alkaline-earth  and  rare-earth 
elements,  respectively.  This  is  due  to  the  similar  ionic  radius  of  the 
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host  and  the  doping  cations,  which  minimizes  the  elastic  deforma¬ 
tion  of  the  structure  [3,5]. 

A  major  problem  related  with  the  use  of  ceria  is  the  high  sinter¬ 
ing  temperature  needed  to  obtain  ceramics  with  densities  higher 
than  97%,  as  required  for  electrolyte  applications  in  SOFC  devices. 
Typical  sintering  temperatures  are  in  the  order  of  1500-1 600  °C 
when  the  precursors  are  obtained  by  classical  solid  state  reactions, 
preventing  the  possibility  of  cosintering  with  other  components 
of  the  cell.  Different  processing  routes  have  been  tested  to  reduce 
the  sintering  temperature,  including  the  use  of  transition  metals 
as  sintering  aids  [6],  with  the  drawback  of  the  increase  of  elec¬ 
tronic  conductivity.  Two  problems  are  associated  with  this  issue. 
One  is  the  possible  lack  of  homogeneity  in  the  microstructure  at 
such  processing  temperatures.  The  other  one  is  the  reduction  from 
Ce4+  to  Ce3+,  which  is  more  important  at  increasing  temperatures 
[3].  When  this  phenomenon  occurs,  a  change  in  the  volume  of  the 
material  is  produced,  which  can  damage  the  mechanical  properties 
of  the  ceramic  body.  The  Ce  reduction  also  introduces  an  electronic 
component  to  the  total  conductivity  of  the  electrolyte  [4]  that  dras¬ 
tically  reduces  the  cell  performance  [7]. 

Another  problem  associated  with  the  use  of  ceria  as  electrolyte 
material  is  the  difference  between  bulk  and  grain  boundary  resis¬ 
tivity.  The  latter  is  much  higher  than  the  former,  limiting  in  this  way 
the  total  ionic  conductivity  of  the  ceramic.  The  presence  of  Si  in  the 
precursors  of  ceria  is  a  common  feature  within  these  materials  [8]. 
This  silica-rich  glassy  phase  forms  a  continuous  network  that  blocks 
the  ionic  carriers,  diminishing  the  grain  boundary  conductivity  in 
ceria.  Based  on  experiments  employing  highly  pure  materials  (with 
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Si  contents  lower  than  50  ppm),  other  authors  attribute  this  behav¬ 
ior  to  an  intrinsic  contribution  from  space  charge  layer  regions 
[9].  Guo  and  Waser  reported  that  in  fact  both  intrinsic  and  extrin¬ 
sic  phenomena  contribute  to  the  reduction  of  the  grain  boundary 
conductivity  [10].  The  use  of  highly  pure  materials  is  difficult  and 
expensive,  thus  alternatives  are  needed  to  reduce  the  grain  bound¬ 
ary  resistivity  due  to  these  extrinsic  contributions  caused  by  Si.  It 
has  been  reported  that  the  scavenging  of  the  siliceous  phase  by  the 
addition  of  small  quantities  of  alkaline-earth  elements  (as  Mg  [11] 
and  Ca  [12,13])  is  an  adequate  and  cheaper  way  to  clean  the  grain 
boundary  and  to  decrease  its  resistivity. 

Ce0.8Sm0.2-xCaxOi.9  compositions  were  chosen  in  this  study 
because  Sm  has  been  proved  to  be  the  dopant  that  produces  the 
highest  conductivity,  and  also  decreases  the  reducibility  of  ceria  [4]. 
Ca  in  small  quantities  has  shown  to  be  a  good  dopant  to  decrease 
the  grain  boundary  resistivity  [12].  It  reacts  with  the  Si-rich  impu¬ 
rities  and  cleans  the  grain  boundary.  In  this  work,  high  energetic 
milling  in  planetary  mill  has  been  employed  to  process  the  ceram¬ 
ics.  This  method  allows  the  sintering  temperature  to  be  reduced 
due  to  the  high  reactivity  of  the  obtained  precursors,  as  well  as  a 
better  incorporation  of  Sm  and  Ca  to  the  structure  to  create  the 
oxygen  vacancies.  The  prolonged  milling  produces  a  constant  and 
homogenous  mixture  of  the  components,  allowing  that  a  part  of 
calcium  can  react  with  impurities  and  the  rest  incorporate  to  the 
ceria  structure  avoiding  the  calcination  step  at  high  temperatures 
needed  to  decompose  CaC03.  Although  the  mechanical  activation 
or  the  mechanosynthesis  is  a  widely  used  route  in  ceramics  pro¬ 
cessing  [14],  few  works  have  been  reported  in  the  processing  of 
materials  for  electrolytes  in  SOFC  applications  [  1 5-1 7].  The  effect  of 
the  milling  on  the  materials  processing  and  in  the  sintering  behav¬ 
ior  of  the  ceramics  is  shown.  Measurements  of  the  conductivity 
by  impedance  spectroscopy  were  carried  out  in  order  to  study  the 
influence  of  the  microstructure  and  the  calcium  addition  on  the 
conductivity  of  the  ceramics. 


2.  Experimental  procedure 

Ceramic  precursors  of  Ce0.8Sm0.2-xCaxOi.9  (x  =  0,  0.02)  compo¬ 
sitions  were  obtained  by  high  energetic  milling.  The  stoichiometric 
quantities  of  Ce02,  Sm203  and  CaC03  necessary  to  obtain  10 g  of 
the  ceramic  precursors  were  placed  in  a  WC  pot  with  seven  balls 
(also  WC),  2  cm  diameter,  437  g  mass,  for  a  relation  of  masses  45/1. 
Milling  was  carried  out  with  a  Pulverizette  5  model  Fritsch  plane¬ 
tary  mill  operating  at  250  rpm. 

Evolution  with  time  of  the  milled  precursors  was  moni¬ 
tored  by  Bragg-Brentano  X-ray  diffraction  (XRD)  with  a  Bruker 
AXS  D8  Advance  diffractometer.  Cu  Ka  radiation  (A  =  1.541 8  A) 
and  a  5xl0_2degs_1  scan  rate  were  used.  The  crystal  size  (t) 
was  obtained  from  the  XRD  data  using  the  Scherrer  formula: 
t= 0.9A/B  cos  0B,  where  X  is  the  wavelength  used,  B  is  the  full  width 
at  half  maximum  of  the  diffraction  peak  and  0B  is  the  Bragg  angle 
[18].  X-ray  fluorescence  (XRF)  technique  was  used  (spectrometer 
Phillips  model  PW-2424)  to  determine  the  possible  contamination 
of  the  milled  precursors.  For  the  analysis,  a  sample  of  0.3  g  in  fusion 
with  5.5  g  ofLi2B407  was  prepared.  Powder  precursors  were  char¬ 
acterized  with  a  Zeiss  Microscope  (model  DSM  950,  Oberkochem, 
Germany). 

The  powder  obtained  after  prolonged  milling  was  studied  by 
Differential  Thermal  Analysis  (DTA)-Thermogravimetric  (TG)  tech¬ 
niques.  A  thermoanalyzer  Netzsch,  model  STA-409  was  used  up  to 
1200  °C,  in  an  alumina  crucible  with  a  heating  rate  of  10°Cmin_1 
was  employed. 

Approximately  0.7  g  amounts  of  the  as-milled  powders  were 
uniaxially  pressed  in  pellets  with  0.8  mm  diameter  at  100  MPa  and 
then  isostatically  pressed  at  200  MPa.  The  shrinkage  behavior  was 


Fig.  1.  XRD  patterns  of  the  stoichiometric  mixture  of  Ce203,  Sm203  and  CaC03, 
precursor  of  Ceo.8Sm0.2-xCaxOi.9  (x  =  0,  0.02)  ceramics,  after  different  milling  times 
and  crystallized  at  1000  °C  after  milling  during  17  h. 

studied  using  a  dilatometer  Netzsch  Geratebau  (model  402  EP,  Selb- 
Bayern  Germany)  up  to  1600  °C  with  a  heating  and  cooling  rate  of 
5  °Cmin-1. 

The  pellets  were  then  sintered  in  air  at  conditions  detailed 
later  and  based  on  the  dilatometric  results,  and  then  character¬ 
ized  by  XRD  at  the  same  conditions  as  for  the  precursors.  Density 
of  the  ceramics  was  measured  by  Archimede’s  method  in  distilled 
water  at  room  temperature.  After  polishing  and  thermal  etching, 
the  microstructures  of  the  sintered  samples  were  examined  by 
scanning  electron  microscopy  in  a  Zeiss  Microscope  (model  DSM 
950,  Oberkochem,  Germany).  Impedance  was  measured  using  a  LF 
Impedance  analyser  (model  FIP-4294A,  Hewlett-Packard)  on  disk¬ 
shaped  pellets  Ag  electrodes  (Dupont)  calcined  at  700°C-lh,  at 
frequencies  from  100  Hz  to  10  MHz. 

3.  Results  and  discussion 

Fig.  1  shows  the  evolution  with  time  of  the  oxides  and  carbonate 
mixture  for  Ceo.sSmo.isCao.ozOi.g  milled  up  to  17h,  together  with 
the  mixture  milled  for  17  h  and  then  thermally  treated  at  1000°C 
when  a  good  crystallization  of  the  materials  has  been  obtained,  as 
the  narrowness  of  the  peaks  indicates.  The  composition  without  Ca 
shows  similar  results  to  those  shown  in  Fig.  1.  An  increase  in  the 
width  of  the  diffraction  peaks  is  observed  at  increasing  milling  time, 
indicating  a  decrease  of  the  particle  size.  Due  to  the  similarity  in  the 
positions  of  the  peaks  of  Ce02  (JCPDS  34-0394)  and  Sm203  (JCPDS 
15-0813),  it  is  difficult  to  follow  the  evolution  with  the  milling  of 
each  oxide.  However,  a  slight  shift  of  the  main  diffraction  peak  to 
lower  angles  is  observed  as  the  milling  time  increases,  from  28.64° 
after  2h  to  28.4°  after  17  h  of  milling.  The  peak  position  is  main¬ 
tained  after  a  thermal  treatment  at  1000°C,  and  agrees  well  with 
that  corresponding  to  the  previously  reported  for  Ceo.sSmo^Oi.g 
(JCPDS  75-0160).  This  could  be  an  indication  that  at  increasing 
milling  time  the  Sm  and  Ca  enter  in  the  Ce02  structure,  until  they 
would  be  totally  incorporated  after  1 5  and  1 7  h.  This  statement  can¬ 
not  be  totally  confirmed  from  these  results.  However,  it  can  at  least 
be  stated  that  the  high  energetic  milling  is  improving  the  condi¬ 
tions  at  which  Sm  and  Ca  can  be  introduced  in  the  structure,  as  the 
results  of  the  sintering  ceramics  study  will  show  below.  In  com¬ 
parison  with  solid  state  method,  lower  temperatures  are  needed  to 
achieve  the  incorporation  and  to  process  the  ceramics  by  the  use 
of  mechanosynthesis. 

Fig.  2  shows  the  DTA-TG  curves  of  the  mixture  of  both  com¬ 
positions  after  17  h  of  milling.  There  are  practically  no  differences 
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Fig.  2.  DTA  and  TG  curves  of  the  stoichiometric  mixture  of  Ce203,  Sm203  and  CaC03 
after  17  h  of  milling. 


Fig.  3.  SEM  micrographs  of  precursor  powders  of  Ce0.8Sm0  .isCao,  02O1.9  ceramics 
after  17  h  of  milling  at  5000  amplification. 


a  continuous  contraction  is  observed  in  the  whole  temperature 
range,  but  only  a  peak  is  observed  in  the  shrinkage  rate  curve,  cen¬ 
tered  at  1180°C  approximately.  From  1400  °C,  the  contraction  is 
much  slower,  indicating  that  the  maximum  densification  has  been 
achieved.  The  curves  are  different  for  the  Ce0.8Sm0.2oOi.9  composi¬ 
tion.  Two  peaks  in  the  shrinkage  rate  are  observed,  centered  at  1 320 
and  1530°C,  approximately.  These  different  behaviors  can  lead  to 
strong  differences  in  the  microstructures  of  the  ceramics. 


between  the  materials  with  and  without  calcium.  The  DTA  curves 
do  not  show  any  significant  variations  that  could  be  attributed  to 
incorporation  of  Sm,  suggesting  that  it  is  totally  incorporated  in 
the  structure  after  milling.  The  TG  curve  shows  the  same  weight 
loss  for  the  Ca  doped  and  no-doped  materials.  Due  to  the  pres¬ 
ence  of  CaC03  among  the  precursors  in  the  Ce0.8Sm0.i8Cao.o20i.9» 
a  difference  of  0.5%  of  weight  loss  is  expected  between  both  com¬ 
positions.  This  is  not  observed  in  Fig.  2.  This  means  that  during 
milling  the  CaC03  has  decomposed  and  the  calcium  has  probably 
mostly  reacted  and  entered  in  the  Ce02  structure.  This  is  necessary 
to  achieve  the  mechanosynthesis  of  the  Ceo.8Sm0.2-xCaxOi.9  after 
1 7  h  of  milling.  This  is  a  significant  advantage  of  mechanosynthesis 
with  respect  to  the  solid  state  reaction  method  for  the  incorpo¬ 
ration  of  Ca  in  the  material.  When  this  route  is  used,  Ca  is  only 
incorporated  after  the  decomposition  of  the  initial  CaC03  at  tem¬ 
peratures  higher  than  800  °C.  It  limits  the  calcination  step  to  high 
temperatures,  giving  place  to  large  particles  that  makes  difficult 
the  subsequent  sintering  process.  The  calcination  step  is  avoided 
by  the  mechanosynthesis  obtained  during  milling. 

Fig.  3  shows  the  micrographs  obtained  by  SEM  of  the  powders 
after  milling  during  17h.  Agglomerates  in  the  order  of  1-2.5  [xm 
can  be  observed.  They  are  built  up  by  smaller  crystallites.  Although 
they  cannot  be  clearly  identified  in  Fig.  3,  their  sizes  are  in  the  nano¬ 
metric  range.  This  is  in  good  agreement  with  the  sizes  in  the  order  of 
20  nm  calculated  by  Scherrer  formula  from  the  XRD  patterns  shown 
in  Fig.  1 .  This  crystallite  size  is  similar  to  that  found  in  materials  pro¬ 
cessed  by  mechanosynthesis,  also  for  SOFC  applications  [17].  These 
characteristics  have  an  influence  on  the  sintering  of  the  ceramics, 
as  it  will  be  shown  below. 

Fig.  4  shows  the  shrinkage  behavior  of  the  green  pellets  for 
Ceo.8Sm0.2oOi.9  and  Ceo.8Sm0.i8Cao.o20i.9  compositions  prepared 
from  mechanosynthesized  precursors.  For  the  Ca-doped  material, 
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Fig.  4.  Shrinkage  and  shrinkage  rate  of  green  pellets  of  the  Ceo.8Sm0.2oOi.9  and 
Ceo.s  Sm0.i 8 Cao.02 Oi .9  compositions. 
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Fig.  5.  XRD  patterns  of  Ce0.8Sm0.2oOi.9  and  Ceo.sSmo.isCao^Oi.g  ceramics  sintered 
from  precursors  obtained  by  mechanosynthesis  after  17  h  of  milling. 


The  shrinkage  behavior  gives  information  of  the  conditions  at 
which  the  ceramics  can  be  sintered.  It  must  be  remarked  that 
the  use  of  mechanical  assisted  methods  by  high  energetic  milling 
allows  the  processing  of  the  ceria  ceramics  to  be  carried  out  in 
a  single  thermal  treatment,  i.e.  the  step  corresponding  to  the 
solid  solution  formation  at  intermediate  temperatures  is  avoided, 
for  the  first  time  to  the  authors’  best  knowledge.  Three  different 
sintering  temperatures  ( 1 200, 1 250, 1 300  °C,  determined  by  the  Ca- 
doped  shrinkage  curve)  during  2  and  4  h  have  been  checked.  Fig.  5 
shows  the  XRD  patterns  for  both  compositions.  The  peaks  positions 
agree  well  with  that  of  the  pattern  corresponding  to  Ceo.sSmo^Oi.g 
(JCPDS  15-0813).  This  means  that  single  phase  ceramics  with  Sm 
and  Ca  incorporated  to  the  structure  of  Ce02  are  obtained  by  sin¬ 
tering  of  the  mechanosynthesized  precursors  in  a  single  thermal 
treatment. 

The  theoretical  density  of  Ce0.8oSm0.2oOi.9  (7.148 gem-3)  has 
been  taken  from  the  data  of  the  JCPDS  75-0160  file.  For  the 
Ce0.8oSm0.i8Ca0.o20i.9  composition,  it  was  calculated  from  the 
molecular  weight  and  the  cell  volume  calculated  from  the  XRD  data 
shown  in  Fig.  5.  In  this  case,  the  theoretical  density  has  been  taken 
as  7.01 7 gem-3.  Values  of  relative  density  in  the  order  of  97-98% 
were  obtained  at  1250-1300  °C  in  the  case  of  Ca  doped  ceramics, 
for  2  h  of  sintering.  Longer  times  (4  h)  are  needed  in  the  case  of  the 
materials  without  calcium  to  achieve  improved  results  according 
to  the  Archimedes’s  measurement.  The  density  is  higher  for  the  Ca 
doped  material  at  lower  temperatures  and  shorter  times,  indicating 
that  calcium  is  an  aid  for  the  densification  of  the  ceramics.  It  allows 
both  temperatures  and  time  sintering  to  be  decreased.  The  times 


are  slightly  decreased  with  respect  to  similar  compositions  (with 
Gd  doping,  without  Ca)  prepared  by  mechanosynthesis  [16],  where 
high  densities  (>98%)  were  achieved  only  after  long  sintering  time 
(15  h),  also  at  1300  °C. 

It  is  remarkable  the  high  density  achieved  at  relatively  low 
temperatures  by  mechanosynthesis  in  comparison  with  the  clas¬ 
sical  solid  state  reaction  method,  where  temperatures  higher  than 
1500-1 600  °C  are  needed  to  attain  a  highly  dense  ceramics  of 
Sm-doped  ceria  [19-21  ].  Recently,  Ayawanna  has  reported  that  in 
Sm-doped  ceria  processed  by  classical  solid  state  reaction,  the  rel¬ 
ative  density  of  the  ceramics  sintered  at  1400  °C  during  5  h  is  only 
91%,  approximately  [22].  Other  processing  methods  have  also  been 
successfully  used  to  lower  the  sintering  temperature  in  Sm-doped 
ceria.  Densities  varying  from  96  to  99%  were  achieved  at  tempera¬ 
tures  between  1200  and  1400  °C  by  different  routes,  as  carbonate 
precipitation,  coprecipitation,  autocombustion,  spray  pyrolysis  or 
sol-gel  [23-27].  An  added  advantage  of  the  mechanosynthesis  is 
the  higher  simplicity  of  the  processing.  All  the  mentioned  methods 
based  on  chemical  routes  need  several  steps  of  calcination  and  dry¬ 
ing  in  the  processing  of  the  precursors.  This  is  the  first  report  of  a 
processing  route  for  ceria  doped  with  samarium  ceramics  in  a  sin¬ 
gle  thermal  treatment  from  the  initial  oxides  mixtures  to  the  final 
dense  ceramics  with  such  relevant  results.  Even  the  drying  process 
used  by  W.S.  Jung  et  al.  [16]  is  avoided,  because  milling  is  carried 
out  here  without  any  liquid  media.  This  shows  the  advantage  of 
using  the  mechanosynthesis  in  the  processing  of  Ca,  Sm  co-doped 
ceria.  As  Ca  and  Sm  are  introduced  in  the  structure  during  milling, 
calcination  step  at  high  temperatures,  mandatory  to  decompose 
CaC03  in  the  classical  solid  state  method,  is  avoided.  The  highly 
reactive  powder  obtained  allows  to  carry  out  the  processing  in  a 
single  thermal  step  and  at  lowered  temperature. 

Fig.  6  shows  the  micrographs  of  polished  and  thermally  etched 
ceramics  with  and  without  Ca  sintered  at  1250  and  1300  °C  during 
2  h,  to  better  compare  the  influence  of  Ca  in  the  microstructure. 
A  clear  difference  is  observed  in  the  ceramics  depending  on  the 
composition.  The  results  pointed  out  in  the  measurement  of  the 
density  by  Archimedes  method  are  confirmed  in  the  micrographs, 
which  explains  well  the  cause  of  the  higher  porosity  of  the  ceram¬ 
ics  without  Ca.  It  appears  mainly  in  the  regions  of  open  porosity.  It 
can  be  due  to  the  certain  degree  of  agglomeration  that  has  been 
observed  elsewhere  in  mechanosynthesized  precursors  [28].  At 
increasing  the  sintering  temperature  to  1300  °C,  a  more  amount 
of  voids  among  the  larger  particles  are  closed.  The  microstructure 
evolves  to  a  close  porosity.  The  remaining  pores  are  those  of  the 
regions  that  have  not  totally  closed  those  voids,  and  they  are  still 
relatively  large  (1-1.5  pan)  in  comparison  with  the  grain  size.  At 
both  temperatures,  the  regions  inside  the  agglomerates  show  a 
good  densification  (insets  in  Fig.  6a  and  b).  This  microstructure 
explains  the  shrinkage  rate  curve,  where  two  peaks  appeared.  The 
one  at  lower  temperature  corresponds  to  the  close  of  the  porosity 
inside  agglomerates,  while  the  second  peak  at  higher  temperatures 
is  due  to  the  densification  among  agglomerates.  At  the  sintering 
temperatures  employed  in  this  work,  this  second  process  is  not 
totally  activated,  leading  to  the  relatively  high  porosity  observed  in 
Fig.  6  for  Ceo.8Sm0.2C>i. 9  ceramics. 

The  densification  of  the  ceramics  with  Ca  is  clearly  improved, 
and  an  advanced  close  porosity  is  observed  at  1250°C  after  2h 
of  sintering,  with  pores  being  smaller  than  the  grain  size.  By 
increasing  the  sintering  temperature  to  1300  °C,  the  pores  are 
quite  isolated  and  remain  in  a  small  amount.  The  ceramics  of 
Ce0.8oSm0.i8Ca0.o20i.9  sintered  at  1250°C  and  mainly  at  1300  °C 
present  the  adequate  microstructure  for  SOFC  electrolytes  applica¬ 
tions.  The  addition  of  small  quantities  of  Ca  has  an  influence  on 
the  sintering  temperatures  and  also  on  the  sintering  times.  The 
regions  inside  the  agglomerates  and  at  the  zones  where  the  poros¬ 
ity  is  closed  are  quite  well  densified  in  Ce0.8oSm0.2oOi.9  ceramics, 
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Fig.  6.  SEM  micrographs  of  Ce0.8Sm0.2oOi.9  and  Ceo.sSmo.isCao.c^Oi.g  ceramics  sintered  at  1250  and  1300°C  from  mechanosynthesized  precursors  milled  during  17 h.  Note 
the  change  of  scale  from  Ceo.8Sm0.2oOi.9  (x5000  magnification)  to  Ceo.sSmo.isCao.t^Oi.g  (x3000  magnification).  Insets:  Ceo.8Smo.2oOi.9  ceramics  sintered  at  1250  and  1300  °C 
with  a  x  10,000  magnification. 


without  any  abnormal  grain  growth  and  a  good  continuity  for  the 
conductivity.  It  seems  that  at  longer  sintering  time  the  voids  could 
close,  favored  by  the  reduced  grain  size  that  promotes  the  mass 
transport  through  grain  boundaries.  Calcium  is  accelerating  the 
processes,  producing  a  higher  densification  at  lower  temperatures 
and  times.  This  is  shown  thus  as  a  first  advantage  for  the  addition 
of  small  amounts  of  Ca  to  Sm-doped  ceria  ceramics. 

The  presence  of  Ca  in  the  composition  has  also  an  influence  on 
the  grain  size  of  the  ceramics.  The  Ce0.8oSm0.i8Ca0.o20i.9  composi¬ 
tion  has  much  larger  grain  size  than  the  Ce0.8oSm0.2oOi.9  one- Even 
sintering  at  1250  °C,  when  Ca  is  introduced,  produces  larger  grains 
than  sintering  at  1300  °C.  The  ceramics  without  Ca  have  submicron 
sizes,  being  only  the  largest  grains  after  sintering  at  1300  °C  of  the 
order  of  1  p,m.  The  microstructures  of  the  Ce0.8oSm0.2oOi.9  ceram¬ 
ics  sintered  at  1250  and  1300  °C  are  similar  between  them,  as  it 
occurs  for  the  Ce0.8oSm0.i8Ca0.o20i.9  ceramics.  This  indicates  that 
differences  of  50  °C  in  the  sintering  temperature  have  a  stronger 
effect  on  the  densification  than  on  the  grain  growth.  In  fact,  the 
main  difference  is  only  observed  for  the  largest  grains  between  the 
Ca-doped  ceramics.  They  are  in  the  order  of  2-3  p,m  for  the  ceram¬ 
ics  sintered  at  1250°C,  and  4-5  pan  for  those  sintered  at  1300  °C. 
The  comparison  of  the  grain  growth  can  be  only  carried  out  with 
routes  that  are  alternative  to  classical  solid  state  method,  because 
they  use  sintering  temperatures  in  the  order  of  those  employed  in 
this  work.  Thus,  grain  size  of  the  Ce0.80Sm0.20O1. 9  ceramics  shown 
in  Fig.  6  is  in  the  order  of  those  reported  in  samples  sintered  at 
1250°C  from  precursors  prepared  by  glycine-nitrate  process  [29]. 


Ramesh  et  al.  also  reported  grain  sizes  similar  to  that  shown  in 
Fig.  6d  for  Ce0.78Sm0.2Ca0.02O2-5  ceramics,  prepared  by  sintering  at 
1300  °C  from  powders  obtained  by  sol-gel  [27].  This  last  compar¬ 
ison  shows  that  the  increase  in  grain  size  due  to  Ca  doping  is  not 
exclusive  of  the  mechanosynthesis  process,  but  is  associated  with 
the  presence  of  Ca,  and  it  was  also  pointed  in  Gd-doped  ceria  [30]. 
The  presence  of  W  in  the  powder  was  detected  by  XRF  analysis, 
but  in  a  much  less  quantity  than  Ca  (0.12  and  0.74  wt%,  respec¬ 
tively,  taking  into  account  that  W  is  almost  5  times  heavier  than 
Ca).  The  comparison  with  Ramesh’s  work  shows  that  the  only  pres¬ 
ence  of  Ca  is  increasing  the  grain  size,  and  W  can  be  ruled  out  as 
an  aid  for  sintering.  Even  the  reaction  of  Ca  with  Si  located  at  the 
grain  boundaries  can  have  an  influence.  Some  authors  have  previ¬ 
ously  reported  [31  ]  that  in  the  system  calcia-silica,  a  liquid  phase  is 
formed  at  sintering  temperatures  higher  than  1436  °C,  based  on  its 
phase  diagram.  The  sintering  temperatures  used  here  are  lower  (up 
to  1300  °C),  but  the  presence  of  Ce  and  Sm  could  have  an  influence 
and  form  a  transient  eutectic  to  produce  a  liquid-assisted  sintering. 
In  any  case,  this  is  a  second  advantage  of  the  doping  with  calcium. 
The  increase  in  the  grain  size  diminishes  the  grain  boundary  den¬ 
sity  per  volume,  reducing  the  portion  of  conduction  through  them. 
This  is  an  advantage  in  SOFC  applications  as  it  produces  an  increase 
in  ionic  conductivity,  although  it  must  be  pointed  that  it  could  also 
lead  to  the  worsening  of  the  strength,  which  can  become  important 
due  to  the  stress  gradient  under  operating  conditions  [32,33]. 

Similarly  to  the  finding  by  Cho  et  al.  [13],  only  a  small  part  of 
Ca  enters  in  the  structure  at  this  doping  content.  EDS  analysis  were 
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Fig.  7.  Impedance  spectra  of  ceramics  with  Ceo.8Sm0.2oOi.9  and  Ceo.sSmo.isCao.ceOi.g 
composition  at  temperatures  close  to  300  °C. 

carried  out  at  individual  grains.  Some  of  them  did  not  show  any 
trace  of  Ca,  while  in  others  it  was  detected,  although  in  a  smaller 
quantity  than  the  expected,  taken  into  account  the  small  amounts 
of  Ca  and  the  limit  in  the  detention  of  the  technique.  In  any  case,  Ca 
is  quite  diluted  or  even  not  present  in  some  of  the  grains.  Besides 
the  part  of  the  calcium  that  introduces  in  the  structure,  other  part 
has  placed  out  of  the  grains,  despite  the  fact  that  the  quantities 
used  in  this  work  are  far  from  the  limit  of  solubility  of  Ca  in  ceria 
(20  mol%)  [34].  It  is  so  because  Ca  gives  place  to  an  additional  phase 
marked  with  arrows  in  Fig.  6d.  Analysis  by  EDS,  which  results  are 
not  detailed  in  this  work,  shows  that  this  phase  is  composed  by  Ca, 
Ce  and  Sm  (which  can  also  come  from  the  adjacent  ceramic  matrix). 
It  also  contains  traces  of  W,  coming  from  the  milling  media,  and 
that  overlaps  the  signal  from  Si,  which  cannot  be  quantified  but 
it  is  known  to  be  present,  as  approximately  600  ppm  of  Si  were 
detected  by  XRF  analysis  in  the  ceria  raw  material. 

These  microstructures  have  an  effect  on  the  conductivity  of  the 
ceramics.  Fig.  7  shows  the  impedance  spectra  at  approximately 
300  °C  corresponding  to  the  doped  ceria  ceramics  shown  in  Fig.  6. 
This  temperature  was  chosen  for  a  better  comparison  of  the  arcs 
corresponding  to  bulk  resistivity  (at  high  frequencies)  to  those 
of  grain  boundary  resistivity  (at  low  frequencies).  The  ceramics 
without  calcium  present  higher  total  resistivity  than  the  Ca-doped 
ones.  It  is  also  significant  the  differences  in  the  relative  size  of  the 
grain  boundary  arcs  with  respect  to  the  bulk  ones.  The  latter  are 
much  smaller  than  the  former  in  the  Ce0.8oSm0.2oOi.9  ceramics, 
but  they  are  much  more  similar,  or  even  the  grain  boundary  arcs 
being  smaller,  in  the  Ceo.sSmo.isCao^Oi.g  composition.  This  clearly 
shows  that  the  doping  with  calcium  has  an  important  influence  on 
the  grain  boundary  conduction. 

This  is  reflected  in  the  Arrhenius  plots  of  the  bulk,  grain  bound¬ 
ary  and  total  conductivity  of  the  ceramics  shown  in  Fig.  8.  The  data 
were  obtained  at  each  temperature  from  impedance  spectra  similar 
to  those  shown  in  Fig.  7.  The  bulk  conductivity  is  quite  similar  for 
both  compositions.  This  is  related  with  the  relatively  small  amount 
of  Ca  that  enters  in  the  grain  structure,  as  EDS  analysis  has  shown. 
Thus,  the  grains  of  the  Ce0.8Sm0.i8Ca0.02Oi.9  and  Ce0.8Sm0.2oOi.9 
ceramics  have  a  close  composition,  and  differences  in  the  bulk 
conductivity  are  not  observed.  On  the  contrary,  the  grain  bound¬ 
ary  conductivity,  as  well  as  the  total  conductivity  is  higher  for  the 
calcium  doped  ceramics.  To  remark  this  point,  the  grain  boundary 
blocking  factor  aGB  was  calculated  as  defined  in  [24]  by  the  ratio 
tGB/rtot,  where  rGB  is  the  grain  boundary  resistance  and  rt0 1  is  the 
total  resistance.  The  values  at  200  and  300  °C  are  shown  in  Table  1. 
The  blocking  factor  is  lower  than  0.5  (that  is,  the  total  resistance 
is  mainly  governed  by  bulk  conductivity  at  those  temperatures)  at 
both  temperatures  only  for  the  Ceo.sSmo.isCao.tnOi.g  ceramics,  and 
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Fig.  8.  Arrhenius  plots  of  the  (a)  bulk,  (b)  grain  boundary  and  (c)  total  conductivity 
of  Ce0.8Sm0.2oOi.9  and  Ceo.sSmo.isCao^Oi.g  ceramics. 

has  almost  double  values  at  300 °C  in  the  Ce0.8Sm0.2oOi.9  ceram¬ 
ics.  The  results  show  lower  blocking  factors  than  those  previously 
reported  in  references  [24,35]  in  ceramics  without  Ca.  The  effect 
of  the  doping  with  Ca  on  the  improvement  of  the  grain  boundary 
and  total  conductivity  is  clear.  As  it  was  stated  above,  the  presence 
of  W  in  the  particles  marked  by  an  arrow  in  Fig.  6d  makes  difficult 
the  detection  of  Si.  Flowever,  by  analogy  with  what  was  previously 
reported  in  ceria  ceramics  doped  with  Gd  and  Ca  obtained  by  copre¬ 
cipitation  [36]  and  other  methods  [13],  and  in  view  of  the  results 
of  the  conductivity  measurements,  it  can  be  deduced  that  Ca  has 
also  reacted  with  the  Si  placed  in  the  grain  boundaries,  to  produce 
a  different  phase  that  moves  to  the  triple  points.  At  these  positions, 
the  presence  of  these  secondary  phases  has  a  smaller  influence 
on  the  conductivity  than  a  Si  phase  along  the  grain  boundaries, 
as  they  are  scarce  and  quite  diluted  along  the  ceramic.  The  same 
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Table  1 

Activation  energy  and  pre-exponential  factor  of  the  bulk,  grain  boundary  and  total  conductivity;  grain  boundary  blocking  factor  at  200  and  300  °C. 


Egulk  (eV) 

crBulk  (Scrrr1) 

(eV) 

<7gB  (Son-1 ) 

Ejotal  (eV) 

crj0tal  (Scnrr1) 

c*gb  (200  °C) 

c*gb(300oC) 

Ceo.8Smo.2O1. 9 

1250°C-2h 

0.81 

6.83 

0.91 

8.77 

0.84 

6.64 

0.68 

0.59 

1300 °C-2  h 

0.78 

6.18 

0.89 

8.26 

0.85 

7.05 

0.69 

0.61 

Ceo.8Smo.2-xCaxOi.9 

1250°C-2h 

0.82 

7.05 

0.94 

10.11 

0.87 

7.69 

0.48 

0.37 

1300 °C-2  h 

0.82 

7.08 

0.90 

9.61 

0.84 

7.36 

0.45 

0.29 

can  be  said  about  the  presence  of  small  amounts  of  contamination. 
This,  together  with  the  increase  of  the  grain  size  and  the  associated 
decrease  of  the  grain  boundary  density,  leads  to  the  improvement 
of  the  grain  boundary  conductivity.  The  third  advantage  of  the  addi¬ 
tion  of  the  calcium  can  be  stated:  the  capacity  of  cleaning  the  grain 
boundaries  from  Si  phases,  diminishing  their  resistivity. 

The  activation  energies  corresponding  to  the  bulk,  grain  bound¬ 
ary  and  total  conductivities  are  shown  in  Table  1.  They  are  in  the 
order  of  those  previously  reported  in  similar  compositions  of  ceria 
doped  with  Sm,  and  with  Sm  and  Ca  [27,35,37].  However,  the  acti¬ 
vation  energy  of  the  conductivity  could  vary  from  0.6  to  almost 
1.0  eV  depending  on  the  preparation  method  [38].  The  values  for 
both  compositions  and  sintering  temperatures  are  quite  similar, 
being  slightly  higher  for  grain  boundary  than  for  bulk.  The  higher 
conductivity  for  Ce0.8Sm0.i8Ca0.02Oi.9  ceramics  and  also  through 
grain  boundaries  despite  their  higher  activation  energy  is  due  to 
the  fact  that  conductivity  is  also  a  function  of  the  pre-exponential 
factor  [3],  according  to  the  expression. 

<7  =  <70  •  exp  (1) 

The  values  of  cr0  are  also  higher  for  the  Ca-doped  ceramics  and  grain 
boundaries  (Table  1 ),  confirming  this  tendency. 

The  values  of  the  total  resistivity  at  300  °C  for 
the  Ceo.8Sm0.i8Ca0.o20i.9  ceramics  sintered  at  1300  °C 
(1.76  x  104  £2  cm,  corresponding  to  a  conductivity  of 
5.68  x  10-5  Son-1)  can  be  compared  to  that  found  by  Espos¬ 
ito  et  al.  [24]  (R~2  x  104  £2cm)  in  ceramics  sintered  at  higher 
temperatures  (1400  °C,  without  Ca),  and  those  reported  by  Ramesh 
et  al.  [27]  (4.09  x  10-5Scm-1)  in  Ceo.78Sm0.2Cao.o202-5  ceramics 
sintered  at  1300  °C,  with  a  relative  density  of  96%.  These  results 
show  the  efficiency  of  the  processing  by  mechanosynthesis  of  Ca, 
Sm  co-doped  ceria  ceramics  as  candidates  to  be  used  as  electrolytes 
in  SOFC  applications. 

4.  Conclusions 

The  mechanosynthesis  of  Ce0.8Sm0.2-xCaxOi.9  (x  =  0,  0.02)  com¬ 
positions  has  been  achieved  by  high  energetic  milling  in  a  planetary 
mill  after  1 7  h.  The  high  reactivity  of  the  precursors  obtained  by 
this  route  allows  to  process  the  Ceo.8Sm0.2-xCaxOi.9  ceramics  for 
the  first  time  in  a  single  thermal  step  where  densification  and 
grain  growth  takes  place.  A  reduction  of  the  sintering  tempera¬ 
tures  is  achieved  with  respect  to  the  classical  solid  state  method, 
with  densities  higher  than  98%  at  relatively  low  temperatures 
(1250-1300  °C)  for  Ca-doped  ceramics. 

The  addition  of  calcium  has  three  major  advantages:  decreases 
the  sintering  temperature  with  improved  densification;  increases 
the  grain  size;  and  reacts  with  Si  phases  on  the  grain  boundaries 
to  form  a  new  phase  with  Ca  and  Si  composition  that  moves  to  the 
triple  points,  where  it  has  a  minor  influence  on  the  grain  boundary 
conductivity.  All  these  advantages  result  in  an  important  improve¬ 
ment  of  the  grain  boundary  conductivity,  and,  as  a  consequence,  an 
increase  of  the  total  conductivity  with  respect  to  the  non-Ca-doped 
Ce0.8oSm0.2oOi.9  ceramics.  The  combination  of  mechanosynthesis 
and  doping  with  calcium  improves  the  processing  and  properties 


of  Ceo.8oSm0.2oOi.9  ceramics  for  applications  as  electrolytes  in  SOFC 
applications. 
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